] In this paper we quantify the influence of geometry and 9 distribution of surface roughness to the directional 10 anisotropy of fluid flow and transport properties of a 11 single fracture. Roughness of fractures appears to have first 12 order control on how they behave mechanically and 13 hydraulically. We directly quantified the surface roughness 14 of a single fracture using high-resolution laser scanning 15 confocal microscopy. This roughness was input into directly 16 coupled numerical models of fluid flow and transport. We 17 simulated the transport of colloids (microspheres) through 18 the fracture. We found tailing in the breakthrough and 19 sensitivity of the breakthrough to flow direction in the 20 fracture. Microspheres were observed to be trapped in 21 low velocity zones on the lee side of fracture walls. This 22 was not observed in smooth or sinusoidal varying fracture 23 wall geometries. These observations have significant 24 implications for quantifying the transport of dissolved and 25 solid phase materials (colloids) through fractured rock. [2] In fractured rocks with low matrix permeability, fluid 34 flow and transport are dominated by flow paths that occupy 35 discrete fracture networks. In these systems fractures act as 36 the main channels for the distribution of fluids and for the 37 migration of pollutants, solid particles (colloids), and micro-38 organisms. An accurate understanding of how fluid flows 39 through fractures is fundamental to protecting groundwater 40 safely against contamination, assessing the safety of long-41 term hazardous waste sites, and determining remediation 42 strategies for contaminated sites.
[2] In fractured rocks with low matrix permeability, fluid 34 flow and transport are dominated by flow paths that occupy 35 discrete fracture networks. In these systems fractures act as 36 the main channels for the distribution of fluids and for the 37 migration of pollutants, solid particles (colloids), and micro-38 organisms. An accurate understanding of how fluid flows 39 through fractures is fundamental to protecting groundwater 40 safely against contamination, assessing the safety of long-41 term hazardous waste sites, and determining remediation 42 strategies for contaminated sites.
43
[3] Fluid flow in single fractures has been extensively 44 studied experimentally and theoretically [Brown, 1987; 45 Zimmerman and Bodvarsson, 1996; Oron and Berkowitz, 46 1998; Kim et al., 2003 ], but there is still no accepted 47 theoretical modeling framework to quantify the effect of 48 measurable local fracture properties (such as aperture dis-49 tribution) on the macroscopic behavior observed at larger 50 scale.
51
[4] We investigate the influence of geometry and distri- sinusoidal [Basha and El-Asmar, 2003; Brush and Thomson, 90 2003; Sisavath et al., 2003] .
Effect of Roughness on Hydro-Mechanical

91
[7] For complex geometries the flow through a fracture 92 is instead usually modeled using a local cubic law 93 [Witherspoon et al., 1980] , a solution to the Navier-Stokes 94 equations that gives rise to a parabolic velocity profile 95 aligned with the local head gradient. Discarding the out of 96 plane velocity introduces an error that increases as a 97 98 10-100% of the Navier-Stokes [Zimmerman et al., 2004] . 99 The deviations reported in the literature between experi-100 mental and numerical results are mainly caused, at low 101 velocities, by the fact that the cubic law neglects the 102 presence of rough walls and tortuous flow-paths created 103 by asperity contact [Brown, 1987; Sisavath et al., 2003] , 104 while, at higher velocities, by the non-laminar character of 105 the flow. Indeed, the transition from laminar to turbulent 106 flow depends, among other things, upon the surface 107 roughness of the fracture walls. Additionally, Brush and 108 Thomson [2003] showed that even at low velocities, fluid 109 in large sinusoidal aperture regions re-circulate due to 110 streamline separation in the flow field. They also observed 111 that several Navier-Stokes velocity profiles have flatter 112 peaks or noses that indicate the formation of an inertial 113 core between the walls. These observations indicate that 114 inertial forces are significant and resist changes in the 115 direction and magnitude in the flow field. Consequently, 116 viscous shear stresses are altered by the skewed velocity 117 profiles, and most importantly a portion of the hydraulic 118 forces are balanced by inertial forces so that the forces 119 driving the flow field are reduced and the overall flow rate 120 is decreased. As the mean aperture increases, the effect of 121 surface roughness diminishes. It follows that roughness 122 has a larger influence in fluid flow and transport through 123 tight, rough walled fractures. This paper addresses the 149 law. By varying the hydraulic heads without changing the 150 void geometry, it is possible to study how the equivalent 151 aperture is influenced by the Reynolds number (the ratio of 152 inertial forces to viscous forces).
153
[10] The data presented by Grasselli et al. [2003] sug-154 gests that the apertures measured in the +x direction were 155 higher than those measured in the Àx direction. The 156 analysis of the fracture surface shows differences in rough-157 ness values (estimated using the method proposed by 158 Grasselli et al. [2002] ) between the two directions that 159 are consistent with the experimental fluid flow results. The 160 results, obtained under the exact same flow conditions, 161 suggest that the fracture hydraulic response is the effect of 162 the geometry of the void network in the respective +x and 163 Àx directions. , we created a 171 fracture aperture by using only one side of the fracture, with 172 the opposite wall being a transparent glass plate. Using a 173 LSCM we directly measured the fracture topography and 174 the void volume at $30 mm 3 voxel resolution. The laser 175 beam is reflected from the fracture surface, and this signal is 176 collected on a series of z-planes, thereby allowing detailed 177 three-dimensional reconstruction of the fracture volume. As 178 discussed by Fredrich [1999] , the method of image forma-179 tion in a LSCM differs fundamentally from that in a 180 standard optical microscope in that it is premised upon 181 precise discrimination of light emanating from the focal 182 plane. While LSCM provides improved lateral resolution 183 over conventional optical microscopes, its key advantage in 184 our work is the ability to resolve structure in the third 185 dimension. Initial plans were to experimentally visualize 186 transport of colloids through the fracture, but difficulties in 187 resolving the colloids at a high enough resolution with the 188 LSCM prevented this exercise.
189
[12] By moving the focus plane, single optical slices (xy 190 images) can be combined to build a three dimensional 191 image stack that can be digitally processed. This is accom-192 plished by changing the vertical position (z) of the objective 193 using a DC motor with opto-electronic coding; 50 nm is the 194 smallest increment possible in our imaging system.
195
[13] The fracture was imaged using a 30 mW 488 nm 196 Argon gas laser, and the reflected signal was collected 197 using a 32-channel spectrometer at 8 bit resolution. The 198 objective was a 10 Â 0.25 NA Zeiss EC Epiplan-Neofluar, (Figure 2) . 264 Roughness on the scale of the fracture tends to increase 265 fluid velocity in the fracture locally. Waviness in the 266 fracture increases the areal extent of the low fluid 267 velocity zones (blue regions). The numerical simulations 268 also show sharp changes in fracture profile corresponding 269 to zones of recirculation (see Figure 3 ) even if the flow is 270 macroscopically laminar. The sharp edges cause detach-271 ment of streamlines, and readjustment creates zones of 272 recirculation (trapping zones). On a macroscopic scale 273 this results in tailing of the microsphere breakthrough 274 curve (Figure 4) . The Reynolds number for the simulation 275 based on a length scale of 300 mm (the smallest aperture 276 in the fracture) was approximately 3.4E À 3.
277
[17] To investigate the effect of measured anisotropy in 278 the roughness of the fracture surface on colloid transport 279 we recorded the breakthrough (the time it takes for the 280 microsphere to reach the end of the fracture) of micro-281 spheres as function of flow direction in the fracture. Figure 4 282 plots the cumulative breakthrough of microspheres as a 283 function of time. For flow in +x direction in the fracture 284 the majority of the microspheres leaves the fracture faster 285 than for flow in Àx direction. Significantly more tailing is 286 observed for this flow direction. For example, it takes 287 5.6 hours for 80% of the microspheres to reach the outlet 288 for fluid flowing in Àx direction whereas it only takes 289 4.2 hours for flow in the reverse direction. Fluid pressure 290 gradients in both models are identical, hence the difference 291 is solely attributable to the anisotropy of the surface 292 roughness of the fracture.
293
[18] To support the hypothesis that anisotropy in rough-294 ness exerts a control on the anisotropic behavior in fluid 295 flow and transport, we simulated the exact same flow 296 condition using a sinusoidal fracture and a fracture with 297 perfectly smooth parallel walls. The results are in agree-298 ment with theory and are independent of the direction of 299 flow.
300
[19] Even though we are conscious that fully 3D models 301 are necessary to predict quantitatively the hydraulic behav-302 ior of rock fractures, the results of these 2D simulations 303 contributes to explain that microscale fracture geometry has 304 a significant influence on fluid flow and transport in 305 fractures. Solutes, which have larger diffusion coefficients 306 than colloids, would be subjected to an increased amount of 307 out-of-plane transport and may not be accurately described 308 with such a model. The numerical simulations suggest that the presence of The numerical model suggests that the presence of roughness creates recirculation zones that act as potential traps for microspheres (colloids). These zones reduce the speed of the particles and give rise to the tailing observed in the breakthrough solely due to hydrodynamics (no matrix interaction). 335 1997; Vilks and Baik, 2001] show extremely small recov-336 eries of injected colloids under both conditions. Vilks and 337 co-workers concluded that migration of colloids seems to be 338 affected by flow path and flow direction, which both depend 339 on the surface roughness of the fracture. These previously 340 published results support the underlying hypothesis of this 341 paper which is that the presence of roughness creates a 342 fundamental geometric boundary that can determine the 343 hydraulic response and evolution of the flow. Additionally, 344 these hydrodynamic phenomena can explain observed 345 tailing of breakthrough curves without any rock matrix 346 interaction. Yet, it is still unclear whether this process has 347 a first-order influence when considering a series of rough 348 connected fractures.
349
[22] The recirculation zones observed in the simulation 350 act as ''trapping'' zones, with implications for transport of 351 any dissolved, free, and solid phase materials in the sub-352 surface. These observations could have significant impact 353 for applications in which flow direction is reversed in 354 fractures, such as alternating pumping and injection of fluid 355 during environmental remediation activities.
356
[23] There is nothing inherent in the observed process to 357 prevent its extension to a larger scale. Fracture roughness 358 appears to be a scale-invariant parameter and therefore its 359 influence extends at all scales. This suggests that the 360 recirculation areas observed at microscopic scale could 361 possibly exist at all geological scales. The next step of this 362 research will be to perform transport experiments to support 363 the numeric simulations and later to investigate upscaling of 364 the laboratory results through inclusion of parameters relat-365 ing the surface roughness of the fracture to anisotropic 366 behavior. In summary, progress in modeling fluid flow 367 and transport in naturally-fractured materials and hazard/ 368 risk assessment for water resource protection will be made if 369 the hypothesis underlying this research can be supported by 370 experimental field and laboratory data. 
